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Larga variations in tbe physical properties of 
limestones are reported in the literatura. North 
(1930) quoted an eightfold m erease in the cl'ushing 
strengtb of materials going fram the Chalk to the 
Carbonif'Jrous; the density of the limestones corre-
spondlltg1y increased from 2·0 to 2·5. Lave & 
WhitMker (1954) measured by krypton adsorption 
the total surfaoe areas (internal 'reactive' a-nd 
' unreactive' sW'face+external geometric surfaoe) 
of dolomit ic and 'high calcium' limestones, and of 
massive calcite. They found tha.t total surface areas 
ranged [rom 0-008 to 12·85 m,'Jjg. from the coarsest 
fraction of t he massive calcite to the finest fraction 
of a 'high calcium ' limestone. 
The surface reactivity of carbonates in sorne soils 
and limestones has been investigated. Boischot, 
Coppenet & H ebert (1950) found that the 100- 160" 
a nd < 75 /lt fractions of a powdered marble adsorbed 
0·7 and l · 6 /lt moles of orthophosphate ion per g . from 
a 1·4 x 10-&M phosphate solution, indicating a larger 
react ive surface on smaUer particles. They also 
measured the phosphate adsorbed by t he coarser 
size fractions of a calcareous soil with mean rua -
meters from 87·5 to 15001'. Assuming tbat phos-
phate ions were adsorbed on the external surfaces of 
spherical particles, they calculated, from the CaC03 
content oí each size fraetion, that 0·28 ± 0·05/ltffiole 
of orthophosphate ions were adsorbed per cm.::! of 
sUl'fnee of tbe CaC03 in the soil . Mattingly & Close 
(1962) found that differenees in phosphate uptake 
between (N!I.a)::!SO,,- and NaN03-treated soils were 
greater with Sax:mundham ChaJ.l...-y Boulder Clays 
t han with Rothamsted Clay. Trus may partly be 
eaused by tbe CaC03 in the Saxrntmelham soil being 
more reactive. 
In ealeareous soils, ehlorosis beeause of defieienees 
of iron (Drouineau, 1942; R agin. 1952) and other 
trace elements, especially manganese and zinc 
(Leeper, 1952), have been relatad to the surfaee 
reactivity of the CaC03 in t he finer fractions of t he 
soil. Methods using ammonium oxalate or oxalie 
acid (Drouineau, 1942; Boischot & R ehert, 1947; 
Yaalon, 1957) do not measW"e t he true surfaee area 
of the CaC03 in the soil; similar methods have been 
deseribed for determining the sUl'face t'eaetivity 
of limestones (Love & 'Whittaker, 1954; Elphick, 
1954). 
We now report an investigation ofthe phosphate 
status of soils containing different amounts of 
carbonates derived from Wlderlying parent material 
of varying origino An isotopic exchange method 
deseribed previously (Talibudeen, 1958) was used 
to define the distribut ion of the native and added 
phosphate, and a method using 45Ca was developed 
to mensure the surfaee reactivity of the carbonate. 
MATERIALS 
Soils from six arable sites eontaining carbonates 
derived from different parent materials were studied. 
Within eaeh site, varying amountsof carbonates h ad 
been ineorporated into the selected soils dW'ing 
eultivation. Single samples from five other sites 
with different caleareous parent materials were aIso 
chosen, four of whieh had between 27 and 35 'Yo 
OaC03_ Particulars of aU the soils a re in Table 1. 
EXPERIMENTAL 
(1) Evaluation oi re8idual pho8phate by isotopic 
exchange method 
The ' labile' phosphate was determined in 8U t he 
soils by an 'isotopic exehange' procedure using 3Zp 
and it was fraetionated into components exchanging 
at different rates (Talibudeen, 1958; Arambarri & 
Talibudeen, 1959). The isotopie excha ngeability of 
the labile phosphate was defined by Pr/P e • the ratio 
of the rapidly exehanging fraction, Pr, to the total 
labile pbosphate, Pe' The first -order rate constant 
for the slowly exchanging labile phosphate was also 
caleulated from t he isotopie exehange data by the 
equation 
R 0· 693 P i lo,", X P lolullon 
, IQ'" = --x p +P , ti I IQ.,. loIlIUon 
where P IQlutlon is the equilibrium phosphate con-
centration in solution, P,lo.,. is the slowly exchanging 
isotopically labile phosphate, and ti is its half-t ime 
of exehange. 
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(2) Recovery of phosphate added in 
laboratory incubations 
Soils, except those froro site D, were treated with 
a solution containing 10 mg P as monocalcium 
phosphate, whose volume was snoh that the Boíl 
moisture content was about 25 %. This is equivalent 
to a concentration of 1·3 x lO-2M H 2Po'I ious per 
litre. The Bails were incubated at 250 O. fol' 1, 2 and 
6 months at trus moisture contento after incubation 
they were subsampled and air-dried. The phosphate 
distribution in the ail'-dried soils was mensured as 
befare. 
Previous \Vork (Boischot et al. 1950 ; Cale, Olsen& 
Scott, 1953) suggests that, at phosphate concentra-
tions greater than 10-3 M, dicalcium phosphate is 
precipitated in suspensions of calcitml carbonate 
after a very rapid mitial surface reaction. Analogous 
to thereaetion of oxalate ions with ealcium carbonate 
(Elphiek, 1954), the amount of diealeium phosphate 
precipitated is proportional to the mitial surface 
reaction, and both surface reaetion and pre-
cipitation depend on the porosity of the car-
bonate. The surfaee distribution of the added 
phosphate on the ealcareous fraction was therefore 
measured by the isotopie exchangeability index, 
Pr/Pe, and by the percentage recovered after 
6 months in the isotopically labile phosphate. The 
rate of exehange of the 'slow' fraetion, R Blow' was 
caleulated as before and compared with that of the 
untreated soil. 
(3) Evaluation of the totalsurface area of the calóum 
carbonate in the 80il using 450a 
lsotopie exehange with 45Ca has been used to 
measure the exchangeable calcium in non-cal-
careous soils and clays (Rosenquist, 1954) and in 
apatite in bone and calcite crystals (FaUmnheim, 
Underwood&Hodge, 1951; Dawson,1955 ; Newman, 
1959). l\feasurements on non-calcareous soils show 
that calcium ions in exchangeable positions in the 
soíl exchange isotopically within a few minutes. 
Little change in the speeific activity of the equí-
librating solution is observed after 1 hr. even in 
montmorillonitic soils. By contrasto isotopic ex-
change of ionie calcium in sparingly soluble calcium 
compounds lil{e phosphates arrd carbonates is made 
up of a rapid initial exchange process, (ti- fV a few 
minutes) andaslowerexchangereaction (ti"'" afew 
hours) similar in nature to that with the lirnestone: 
oxalicacidreactionrates (Elphick, 1954). The initial 
rapid exchange process involves the exchangeable 
calcium in the soil and the external slU'face of the 
carbonate fraction, The slower isotopic exchange is 
caused by the internal reactive surfaces in the 
calcium carbonate being slowly accessible to cal-
cium ions. The method described below \Vas used to 
measure the reactive surface of the calcium carbon-
ate fractions in soils E-I. 
Pre-treatment of soil, Two portions of CfJ..lcareous 
soil were used such that each \Vould yield ,\pproxi-
mately 10 g. of a residue after calcium cat'bonate 
was removed by aeid. One portion \Vas irnmersed in 
50 mI. l\I-CaCI2 ; small amounts of N~HCl, and, 
finally, 0·1 N -HOl, were added gradually over a week 
with intermittent stirring to the suspension, until 
its equilibriurn pH was between 4 and 5 after 
shaking overnight. The soil was then washed free 
of chloride with water and then 95 % alcohol, air-
dried and weighed to cheok the complete solution 
ofthe carbonate. The ionic ratio ofCa2+:H+ in the 
soil solution during aoid treatment was > 10.1, so the 
soil remained fully caleium-saturated as its cal-
careous fraetion clissolved. 
Isotopic etcchange procedU1·e. The original soil and 
its aeid-treated counterpart were weighed out so 
that each portion had approximately the same 
weight ofthe acid-treatedresidue. Thisensured that 
the error in estimating the 'exchangeable' calcium 
was the same in both samples. Known volumes of 
0'01?tI-OaCI2 were then added to the untreated and 
acid-treated soils to give a soil:solution ratio of 
1: 10, shaken overnight, and labelled with high 
specific activity"Ca (2"C./I00 ml. ofsolution). The 
Table 1. Description of 80ils 
Total P, 
Specific rog./l00 
CaCOs surface pHin g. soH 
No.of in soil (m.'/g. 0·02- (HClO, 
Site Parent material County soils (%) of CaCOsl* M-KCl digestion) 
A Upper/Middle Chalk Herts. aud Bucks. 6 7-81 38·1 704.-8,1 110-188 
B Great Oolite Glos. 6 <0·2-26 7·8-8·0 133-220 
e l\Iagnesiau limestone (Al Yorks. 6 0·7-36 7,7-8·0 52-63 
D Magnesian limestone (B) Yorks. 1 36 35·8 8·0 90 
E Lower Lias Somerset 6 0·8-30 7-6-7·8 61-99 
F Lake MarI Cambs. 1 52 51·0 7·8 67 
G Chalk MarI Bucks. I 34 38·1 7-6 126 
H Portland limestone Bucks. I 27 32·7 7·7 533 
1 Coral Rag aud Coralline 
Oolite 
Cambs. 1 35 20·3 7·8 164 
* This \Vork. 
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suspensions were shaken continuously and tha 450a 
concentration in 0-5 ml. aliquots of the solution 
measured, with ascintillation counter, afterintervals 
ranging fram :} to 24 hr. With almost an tha soils, 
acid-treated 01' untreated, isotapie equilibrium was 
reached in reaction periods not exceeding 10 h1'.; 
mostly, equilibrium was attained within an hour. 
The exchangeable calcium in the soil was calculated 
fram the 450a activity in solution after 10-12 h1'. 
exchange by the isotapie dilution law 
Isotopically exchangeable Oa2+ in soíl 
1-[450 a in solution] .. 
= 150' l' x (total Oa In solutlOn). [, a Jll so utlOll] 
Isotopically exchangeable calcium vaIues from 
duplicate measurements did not differ by more than 
5 %. The isotopically exchangeable calcium per g. 
of calcium carbonate is given by difference. 
The specific surface of the calcium carbonate in 
the soíl can then be calculated on the basis that 
there is one calcium atom per 20 Áz on the rhombo~ 
hedral cleavage faces of calcite crystals. 
RESULTS Al"D DISCUSSION 
Differences in the reactivity of phosphates in 
calcareous soils can be attributed primarily to the 
formation of basic calcium phosphates ranging in 
cOnlposition from octo·calcium phosphate to 
apatite. Such reactivity is directly related to the 
rate of solution of calcium ions from the soil 
carbonate by the follo·wing equilibria 
CaCOs ~ Ca!l+ + COsz-
H+ + COsz-~ HCOs-
H++HCOa-~H2COa 
HzCOs ~ (C02)so!ut!on + HzO 
(C0 2)so!utlon ====7 (C0 2)nlr. 
Assuming that none of these processes is rate~ 
controlling, the rate of solution of calcium ions is 
proportional to the total surface of the carbonate. 
Within each group of soils, the index P r/P M repre~ 
5enting the proportion of rapidly exchanging 
5ites, decreases with increasing carbonate content 
(Table 2); this implies that P r/P e is inversely pro~ 
portional to the total surface of the CaCOs in the 
soil if the particle size distribution of the carbonate 
is not affected by CaCOa contento Between groups, 
the de crease of the isotopic exchangeability index 
per unit weight of calcium carbonate in the soil 
varies by a factor of 4. This demonstrates the extent 
to which carbonates of varying origin in soils differ 
in their ability ta retain and redistribute added 
soluble phasphates. 
These differences, between groups of soils con~ 
taining calcareous matorials of different origin, can 
also be seen when relating the equilibrium phosphate 
concentration in 0·02M·KCI, as the 'intensity' 
factor, to the isotopícally exchangeable phosphate 
'P/, the 'quantity' factor (Fig. 1). The 'capacity' 
of the soíl to release phosphate ions, i.e. the slope of 
the Jine relating' intensity' to 'quantity'. is approxi-
mately constant within a group, despite large 
variations in carbonate content: but it differs 
between groups. 
The three relationships studied (i.e. P-r/Pe! % 
CaCOs in the soil, the intensity:quantity relation~ 
ship, und the influence of the specific surface of the 
CaCOs on Ralo\\" P -r/P e and the recovery of added 
phosphate) do not always agree. Thus the 'inten~ 
sity:quantity' relationship (Fig. 1) suggests that 
the magnesian limestone soils in group O should 
isotopicaUy exchange phosphate more rapidly than 
soils from group A, B and E (Cretaceous Chal};;:, 
Great Oolite, and Lower Lias). Table 2 shows that 
this is to sorne extent true for soi18 from groups A 
and B, but soils from group E exchange phosphate 
much more rapidly than the magnesian limestone 
soils. 
For groups of soils containing carbonates from 
the Upper und Middle Chalk, enough observations 
on the rate of isotopic exchange were made with 
each soíl to enable the rate constant fol' the slowly 
exchanging fraction to be calculated. This rate 
constant R e10w shows little systematic change with 
carbonate content especiaUy on incubation after 
addition of phosphate in the laboratory (Table 3). 
It can thus be regarded as being specific for and 
rabIe 2. Linear 1'egression coefficients fol' the influence 01 carbonate contenta 01 varying ofio·in on the isotopic 
~1Jchangeability index, Pr/Pc• and the recovery aftel' 6 months' incubation in tite isotopically exchangeable 
ohosphate 01 10 mg. P added per 100 g. soil 
Series no. 
A 
B 
e 
E 
Origin of soil carbonate 
Upper/l\IiddJe chalk 
Oolitic limestone 
l\Iagnesian limestone 
Lower Lias 
Regression coefficie~ts per g. CaCOs fol' 
P-r/Pe on 
carbonate 
content 
x 102 
- 0·295 + 0·072 
-0-309+0-166 
-0-519+0-074 
- ¡.¡23 ± 0-365 
% l'ecovery 
of added P on 
carbonate content 
0-826 + 0-304 
2·376::¡:: 0-854 
0·532 ± 0·240 
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reflecting the physics and chemistry of the surfaces 
of the calcium carbonate in the soil. When this group 
of soils was treated with phosphate and incubated 
for 6 months in the laboratory, the rate constants 
were approximately doubled and cDuld therefore be 
mensured more precisely. Measurements of the rate 
constant of isotepíc exchange, equilibrating the 
soils 1, 2 and 6 months after phosphate was added in 
the laboratory, showed that the Boils reaohed 
equilibrium after 2 months. Table 3 shows that 
e 
A 
E 
B 
0,1 L-"+--~-----c;'.------,,\;--------:! 
5 10 15 20 25 
Isotopically exchangeable phosphate 'P,/ 
(mg. P/100 g. soil) 
Fig. 1. The influence of the nature of carbonates in 
soils on the relation between the equilibl'ium phosphate 
concentration in O·02l'lI~KCl ('intensity') and the iso-
topically exchangeable phosphate (~quantity'). (VaIues 
of b for A. Upper Middle Chalk 0·060 ± 0'027; B. Great 
Oolite 0·080±0·010; C. Magnesian limestone 0'159 
±0·023; E. Lower Lias 0,068+0·015.) 
variations in this rate constant between the soils 
with phosphate added in the laboratory is much 
smaller than between the untreated soils. 
These observations suggest that the rate constant 
of the ~ slow' exchange reaction will differentiate 
between the surface reactivity of calciumcarbonates 
in the soH of different geological origins especially on 
reaching equilibrium 2 months after adding phosM 
phate. Fig. 2 shows that the specific rate constant 
for the 'slow' exchange in soils D, F, G. H and 1 
0·110 
20 
oH 
oH 
30 
oD 
Ao 
D o 
°G 
40 
Surface area of carbonates in soU 
(m.'lg. CaCO,) 
F 
50 
Fig. 2. Too infiuence of the specific surface of carbonates 
of different geological origin in soils on the first-order 
rate constant of the 'slow' isotopically exchangeable 
soil phosphate. (0--0, untreated Boil; .--e, 
soil after incubating 6 months with 10 mg. P as mono-
calcium-phosphate per 100 g. Boíl). 
Table 3. The influence oj phosphate t'/'eatment. ajter 6 months' equilibration at 20° C. and field capacity, 
on the J'ale oj isotopic exchange oj the 'slow' isotopically exchangeable soil phosphate 
Soil 
no. 
Al 
A2 
A3 
A4 
A5 
A6 
CaCOs in soil 
(%) 
7·4 
23·2 
39·7 
40·6 
55,8 
80·1 
Total P 
(rug·fIOO g. soil) 
122 
191 
110 
128 
188 
119 
Rate of exchange of 'slow' fraction 
(rug.PfIOO g. soilfhr.) 
'Untreated 
Boil 
0·025 
0·039 
0·013 
0·010 
0·024 
0,020 
, 
Phosphate-
treated soil 
0·048 
0·046 
0·038 
0·034 
0·040 
0·040 
Mean 0·0220 ± 0·0094 0·0410 ± 0·0047 
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aud one soil from group A, with and without added 
phosphate, deareases apPl'oximately linearly with 
larger values of the specific Burfaca of the CaCOa in 
the Boil. The specific surface of the CaCOs in these 
Bails wasalso inv61'sely related te (i) theindex Pr/Pe• 
and (ii) the recovery of phosphate added in the 
laboratory. 
The simple relationship between the • slow' rate 
of isotapíc exchange and the specific surfaee of the 
calcium carbonate in the Boíl (Fig. 2) can be modified 
by the exchange adsorption of cations and of anions, 
because this would affect the surface chemistry of 
the calcium carbonate. Douglas & Walker (1950) 
showed that the negative electro-kinetic potential 
of lcaland spar is changad te increasingly positive 
values by small concentrations ("'" 1 o-a M) of cations 
in the series Ca:l+ > Ba:l+ > Mg2+ > Na +, and to 
increasingly negative values by the anionic series 
(POar > (00,,,- or (HOOa)- > OH- > OL 
Jurinak & Bauer (1956) found that Zn ions, at 
equilibrium concentrations of Zn "'" 1 0-6 M, are 
adsorbed more strongly on dolomites than on 
calcite. The soH solution contains cationic Al, Fe, 
Mil and Zn in addition to phosphate anions in con-
centrations < IO-5l\I; these could irrfiuence con-
siderably the surface chemistry of calcium carbo-
nate in the soil. Thus the 'Portland limestone' soil 
(soil 'R', Table 1) departs considerably from the 
simple relationship shown in Fig. 2; it has a total 
phosphate content of 533 mg. P per 100 g. soil 
(more than 4 times the average phosphate content 
of the other five soils) and it exchanges phosphate 
isotopically much more rapidly than predicted by 
the • R a1ow : surface area' relationship. 
The surface areas of carbonates in soils measured 
by tha 45Ca-exchange method (Table 1) suggest that 
the average diameter of CaCOa crystallites in these 
soils is < 0·1 ¡.¿. 
SUMMARY 
The kinetics ofthe isotopic exchange of phosphate 
ions in soils with and without phosphate added in 
the laboratory were examined in relation to the 
amount and origin of the CaCOa they contained. The 
isotopic exchange index, 'P r/P /l " and the recovery 
of added phosphate were inversely proportional to 
carbonate content in soils containing carbonates of 
similar geological orígin; soils from the Lower Lias 
showed the biggest change in P r/P /l with carbonate 
contento 
In soils from the Cretaceous Chalk, the first-order 
rate of isotopic exchange of the 'slow' phosphate 
fraction was constant. It increased to a larger but 
constant value in the soils incubated for 6 months 
after adding phosphate in the laboratory. This rate 
constant is therefore specific to the calcium phos-
phates in a group of soils derived from the same 
calcareous parent material and with similar phos-
phate manuring. 
A method using 45Ca as a radio-tracer was 
developed and used for measuring the specific 
surface of CaCOa in soil. 
The 'slow' rate constants fol' calcareous soils 
derived from different parent materíaIs but con-
taining similar amolmts of CaCOa were inversely 
proportional to the specific surfaces of their CaCOa' 
The 'Pr/Pc' index and the recovery of 10 mg. P 
added as Ca(R2P04h/l00 g. soíl were also inversely 
related to the specific surfaces of the CaCOao 
We thanl;;: B. W. Avery and others in the Soil 
Survey of England and Wales for soil samples, 
Margaret Chater for analytical help and J. H. A. 
Dunwoody for statistical analyses. One of us (P. A.) 
received a grant from the Ramsay Memorial 
Fellowships Trust from 1957-59. 
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